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Abstract 


Y-doped SrTiO; was synthesized via solid-state reaction. The effects of Y-doping on the sinterability and the electrical conductivity of Y,Sr;_,TiO3 
were investigated. Y-doping can increase the sintering activity and the electrical conductivity of SrTiO; when yttrium amount is less than 0.09 in 
Y,Sr;_,TiO3. Excessive yttrium will cause the generation of an insulating phase Y2Ti207, which impedes the densification process and decreases 
the electrical conductivity of Y,Sr;_,TiO3 material. With the increased temperature, the electrical conductivity of Y-doped SrTiO} increases first 
and then decreases gradually, showing a mixed conduction behavior of semi-conductors and metals. The optimized Yo.o9Sro.91 TIO; possesses an 
electrical conductivity on the order of 32.5—195.8 S cm”! in the temperature range of 25-1000 °C and being 73.7 S cm™! at 800°C in forming gas. 
The thermal cycling in air does not remarkably affect the electrical conductivity and the conduction behavior of Y0,o9Sro,.9; TiO3 at high temperatures. 
Yo.o9Sr0o.91 TiO; displays a relatively stable electrical conductivity at different oxygen partial pressures and excellent chemical compatibility with 


YSZ at temperatures lower than 1300 °C. 
© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


The solid oxide fuel cell (SOFC) as an all-ceramic power 
generation system has attracted more attention due to its 
many advantages over conventional power generation sys- 
tems in terms of high efficiency, fuel adaptability and low 
pollution [1,2]. In SOFC systems, YSZ (yttria-stabilized zirco- 
nia), Lay_,Sr,MnO3 (strontium-doped lanthanum manganite), 
Ni/YSZ cermet and La;_,Ca,CrO3 (calcitum-doped lanthanum 
chromite) or commercial ferritic stainless steels are respectively 
used as electrolyte, cathode, anode and interconnect materials at 
present [3-5]. The most commonly used Ni/YSZ anode mate- 
rial possesses high electronic and ionic conductivities as well as 
sufficient catalytic activity towards the oxidation of hydrogen 
occurring at anode side. However, it shows some disadvantages, 
such as low tolerance to sulfur and carbon deposition when using 
hydrocarbon as fuels, and poor redox cyclability and volume 
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stability due to the oxidation of Ni [6]. Therefore, new anode 
materials are in demands for further development of SOFCs. 
Perovskites are good candidates for anode materials because 
they are known to possess properties such as high electronic 
conductivity, high oxide ion conductivity and good catalytic 
activity. Strontium titanate, SrTiO3, with perovskite structure, 
is one of the promising anode materials for SOFCs. It shows 
strong carbon deposition resistance and good structural stabil- 
ity compared with Ni/YSZ cermet. However, its low electrical 
conductivity and poor catalytic activity towards the oxidation of 
fuels prevent SrTiO} as a practical anode for SOFCs. Doping 
with aliovalent elements on A or B site of SrTiO3 is an effective 
approach to increase the electrical conductivity, improve the cat- 
alytic activity and control the thermal expansion coefficient of 
SrTiO3 materials. Doping donors such as La?” on the Sr?” site 
and Nb?? on the Ti”? site converts SrTiO3 into a highly semi- 
conducting n-type material [7,8], while a p-type material was 
achieved by doping acceptors such as Fe** and Al?” on the Ti”? 
site [9,10]. Hui and Petric [11,12] and Obara et al. [13] have stud- 
ied the electrical properties of Y,Sr1—1.5,1103, where strontium 
vacancies are supposed to be created in Y-doped SrTiO3 accord- 
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ing to the chemical formula. In this study, we investigated the 
electrical conduction behavior of Y-doped SrTiO3 in the form 
of Y,Sr;_,TiO3, where a certain amount of Ti** is supposed 
to be produced as charge compensation and accordingly elec- 
tron defects should be formed in Y,Sr;_,TiO3. The effects of 
Y amount on the properties of Y,.Sr;_,TiO3 in terms of sinter- 
ability and electrical conductivity as a function of temperature 
and oxygen partial pressure were investigated. The chemical 
compatibility of Y,Sr;_,TiO3 with YSZ electrolyte was also 
examined. 


2. Experimental 


Yttrium-doped and undoped SrTiO3 powers (Y,Srj_,TiO3, 
x=0, 0.02, 0.08, 0.09 and 0.12) were synthesized at 1300°C 
for 10h in forming gas (5 vol.% hydrogen in argon) from high 
pure TiO2, Y203 and SrCO3 by conventional solid-state reac- 
tion after ball milling for 6 h. The heating and cooling rates were 
4°C min™!. The so-obtained powders were pressed into bars 
(40mm x 7mm x 3mm) by uniaxial pressing (ca. 115 MPa) 
without a binder and then sintered at 1500°C for 10h in form- 
ing gas to prepare dense samples. The phase composition was 
determined by X-ray diffraction (XRD, Rigaku D/max-A X-ray 
diffractometer) using Cu Ka radiation. A Cambridge S250-MK2 
scanning electron microscope (SEM) was employed to observe 
the microstructure of the sintered samples. The density of sin- 
tered samples was estimated by the dimensions and the weights 
of the samples. 

The electrical conductivity of all samples was measured in 
forming gas by the standard four-terminal dc method [14-16] 
in the temperature range of 25-1000 °C, with a heating rate of 
4°C min™!. The four-terminal method is suitable to materials 
having moderate to high conductivities. With this method the 
effect of non-ohmic contacts or barrier layers can be overcome. 
Sintered bars for conductivity measurements were wrapped with 
four wires which were held in place by small notches cut on 
the sample surfaces. All measurements were taken after hold- 
ing at each temperature to equilibrate for at least 15 min and 
no significant change in electrical conductivity was observed. 
To evaluate the thermal stability of Y-doped SrTiO3, the sam- 
ple was cooled in air with powered off furnace after electrical 
conductivity measurement at 1000°C in forming gas and then 
heated up again in forming gas to different temperatures to 
determine the electrical conductivity changes. The dependence 
of conductivities on oxygen partial pressure (Po,) was also 
investigated under Po, from 1071? to 107!4 atm. The oxygen 
partial pressure was adjusted by changing the mixing ratio of 
argon, hydrogen and water vapor. The water vapor partial pres- 
sure of the mixture gases was generated by flowing forming 
gas through the water vapor saturator, which was installed out- 
side the furnace. The temperature of the water vapor saturator 
was changed from room temperature to 100°C. Flow rate of 
these mixture gases was 20 cm? min”! [17,18]. To examine the 
compatibility of Y,Sr;_,TiO3 with YSZ, the 1500 °C-fired Y- 
doped SrTiO3 was mixed with YSZ in the weight ratio of 1:1, 
followed by uniaxial pressing and sintering at different temper- 
atures. 
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Fig. 1. XRD patterns of Y,Sr;_,TiO3 after sintered at 1500 °C. 
3. Results and discussion 
3.1. Phase and microstructure development 


The phase composition of dense samples Y,Srj_,TiO3 after 
sintered at 1500°C for 10 h was identified with XRD. The results 
are shown in Fig. 1. The samples with x < 0.08 shows a single 
cubic perovskite structure and no impurity peaks are detected, 
while for the one with x = 0.09, a trace amount of impurity phase 
is observed. When x=0.12, an obvious second phase Y2Ti207 
presents. Thus it is reasonable to state that the doping limit of Y 
in SrTiO} at 1500 °C is less than 9 mol%. The relative density 
of dense Y,Sri—,TiO3 samples as a function of doping amount 
is presented in Fig. 2. It increases before x = 0.08 and decreases 
after that with increasing Y-doping amount, indicating that Y- 
doping that can form single phase solid solution with SrTiO3 will 
lead to the high sinterability of SrTiO} materials, while excessive 
Y-doping that will cause the appearance of impurity Y2Ti2O7 
will impede the densification process of SrTiO3 materials. 

The SEM micrographs of fracture surfaces of dense 
Y,Sr,;_,TiO3 (x=0.02, 0.08, 0.09) samples are illustrated in 
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Fig. 2. Relation between relative density and x value in YxSrı—xTiO3. 
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Fig. 3. SEM micrographs of fracture surfaces of Y,Sr;—,TiO3 sintered at 1500 °C for 10h, x=0.02 (a); x=0.08 (b); x=0.09 (c). 


Fig. 3. The sample with x=0.02 shows a loose microstructure 
with a large amount of grain-boundary pores (Fig. 3a). With 
the increasing Y-doping amount, the porosity decreases. A quiet 
amount of grain-boundaries have been formed in sample with 
x=0.08, as shown in Fig. 3b, indicating that the Y-doping can 
promote the densification process of SrTiO3 material. However, 
excessive yttrium (x=0.09) results in a small grain size and a 
high porosity, as displayed in Fig. 3c. 

A reasonable explanation could be that the Y donor-doping 
will result in the higher activity of powders, which is favor- 
able to the sintering of bulks. Grain growth in SrTiO3 has been 
reported to be highly sensitive to donor-doping [19-21]. Grain 
growth may become pronounced with Y-doping during sintering 
process, however, the trace impurity existing in the sample with 
x=0.09 may impede the mass transportation and the sintering 
process, thus leading to a high porosity and a low density com- 
pared to the sample with x=0.08. This is consistent with the 
results shown in Fig. 2. 


3.2. Electrical characteristics of Y-doped strontium titanate 


The electrical conductivity of samples Y,.Sr;_,TiO3 (x=0, 
0.02, 0.08, 0.09, 0.12) was measured in forming gas in the 


temperature range of 25—1000°C. It increases with Y-doping 
amount when x < 0.09, while it tends to decrease with doping 
amount when x > 0.09 (Fig. 4). This regularity can be explained 
by defect chemistry. Ti** ions will be produced in Y,Srj—,TiO3 
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Fig. 4. Temperature dependence of electrical conductivity of YxSrı—xTiO3 mea- 
sured in forming gas at different temperatures. 
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for the electrovalent compensation in reducing condition. So the 
defects produced in Y donor-doping SrTiO} can be expressed 
as 


Y203 325° + 2e' + 307 (1) 
Oxygen vacancies also may occur at low oxygen partial pressure, 
which can be described as 


OX > Vo** +2e' + 402 (2) 


The produced electrons will be localized in titanium sites to form 
Ti”. 

In this case, electrons bonded on Ti ions and oxygen vacancies 
are the main defects. Due to the low mobility of oxygen vacan- 
cies compared with electrons, oxygen vacancies will make little 
contribution to the conductivity of Y-doped SrTiO3 material. As 
a result, the conductivity of Y-doped SrTiO} in reducing condi- 
tion mostly depends on the concentration of localized electrons. 
The concentration of localized electrons at a constant oxygen 
partial pressure for a relatively large amount of dopants can be 
expressed as 


n ~ [D°] (3) 


where D is the donor. 

The number of compensated Ti?” with localized electrons 
increases with increasing yttrium incorporated in SrTiO3 and 
the concentration of oxygen vacancies depends on the oxy- 
gen partial pressure. Therefore, the electrical conductivity of 
YxSrı—xTiO3 increases with increasing Y amount when x 
value is not more than 9 mol%. While excessive dopant may 
cause the electrical conductivity decreases because of the for- 
mation of insulating impurity (Y2Ti207) with the exception 
of Yo.o9Sto.91Ti03, whose conductivity is even higher than 
Yo.08Sr0.92 TiO3. It is very possible that the doping limit of Y in 
SrTiO3 is in the range of 8-9 mol% at 1500 °C, according to the 
XRD results shown in Fig. 1. For doping amount of 9 mol%, the 
additional 1 mol% Y in comparison with 8 mol% yttrium-doped 
SrTiO3 will produce a certain amount of Ti?” as charge compen- 
sation and a trace of Y2Ti2O7 due to the solid solution limitation. 
The former, compared to the latter, may play a predominant role 
in charge transportation and thus resulting in a higher electrical 
conductivity. The optimized Yo.09Sro.91 TiO3 exhibits an electri- 
cal conductivity on the order of 32.5-195.8Scm7! and being 
73.7Scm7! at 800°C. The electrical conductivity of SrTiO3 is 
remarkably enhanced by Y-doping. 

The electrical conductivity of Y-doped SrTiO3 (Fig. 4) shows 
a mixed conduction behavior with increasing temperature. 
At low temperature (between room temperature and 300°C), 
the electrical conductivity of Y,,Sr;—,TiO3 samples increases 
remarkably with increasing temperature, indicating a polaron- 
type conduction mechanism. The localized electrons at Ti site 
will hop between Ti** and Ti”? via bridging oxygen atoms, 
and thus produce electronic conductivity. With the temperature 
increasing, the electron hopping is activated and becomes much 
easier, thus leading to an increased electronic conductivity. The 
high concentration of Ti** caused by Y-doping will enhance 
the hopping process of electrons, and consequently result in 
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Fig. 5. Effect of oxygen partial pressure (Po,) on electrical conductivity of 
Yo.09Sr0o.91 TiO3 at 800°C. 


an improved conductivity with Y-doping amount. Exceeding a 
critical temperature (ca. 300°C), the electrical conduction of 
Y-doped SrTiO} transforms from semi-conducting to metallic 
behavior, the localized electrons are delocalized and become 
free electrons. As a result, the electrical conductivities of all the 
Y-doped SrTiO} samples decrease with increasing temperature 
due to the decreasing mobility of the electrons. This suggests 
that electronic conduction should be the predominant electri- 
cal conduction mechanism in the investigated Y-doped SrTiO3 
samples. 

In fuel cell systems, anode is the channel of fuel with a 
reducing atmosphere, and on the other hand, it is also the place 
for reaction with a faint oxidizing atmosphere. Therefore, it is 
necessary for anode material to have good stability in wide 
oxygen partial pressure range. As given in Fig. 5, with the 
decreasing oxygen partial pressure the electrical conductivity of 
Yo.09Sr0.91 TiO3 keeps unchanged in the oxygen partial pressure 
range of 10~!4 to 107!” atm, while shows a slight increase when 
the oxygen partial pressure is lower than 107!” atm. This indi- 
cates the relatively good structural stability of Y-doped SrTiO3 
under different reducing conditions. The slight increase in con- 
ductivity with decreased oxygen pressure comes from the release 
of lattice oxygen into the surrounding atmosphere, which will 
result in the increase of both oxygen vacancies and electrons, as 
shown in Eq. (2). 

To be a useful anode material for fuel cells, the thermal stabil- 
ity and the compatibility with electrolyte are of great importance. 
In this work, the thermal stability of Yo.g9Sro.91 TiO3 was eval- 
uated by comparing its electrical conductivity in forming gas 
before and after thermal cycling in air. Fig. 6 reveals that the 
electrical conductivity of cycled Yo.09Sro.91 TIO3 is much lower 
than uncycled sample before 300°C. This is considered to be 
resulted from the incorporation of oxygen vacancies with sur- 
rounding oxygen in the course of cooling in air as a reverse 
process of Eq. (2), which will lead to the decrease of both oxy- 
gen vacancies and electrons in Yo.99Sro.9; TiO3. After 300°C, 
the electrical conductivity of cycled sample increases slightly 
upon temperature, probably due to the loss of lattice oxygen of 
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Fig. 6. Electrical conductivity of Yo.09Sro.91 TiO3 in forming gas before and 
after thermal cycling in air. 


Yo.09St0.91 1i03 at high temperature and reducing atmosphere, 
which will result in the increase of oxygen vacancies and elec- 
trons simultaneously as shown in Eq. (2). Beyond 400 °C, the 
cycled sample show the similar conductivity value with sample 
before cycling, indicating that the structure of cycled sample 
has been recovered and reached a stable state. Compared with 
53.66 S cm”! of the uncycled sample, the cycled sample shows 
an electrical conductivity of 50.61 Scm7! at 1000°C and there 
was no decline after keeping at 1000°C for 50h, as shown in 
Fig. 7. It suggests that the thermal cycling in this experiment has 
little effect on the electrical conductivity of Yo.09Sro.91 TiO3 at 
temperature higher than 400°C. 

In order to assess the chemical compatibility of Yo.09Sr0.91 
TiO; with YSZ, powder mixture of Yo.o9Sro.91TiO3 and YSZ 
in the weight ratio of 1:1 were pressed into bars after milling 
for 6h and then sintered at 1100, 1200 and 1300°C for 10h, 
respectively. The sintered samples of Yo.09Sro.91 T103/YSZ were 
examined by XRD, and the results are shown in Fig. 8. No impu- 
rity peaks were detected except for that assignable to SrTiO3 
and YSZ, indicating that Yo.o9Sro.91 TiO3 material has a good 
chemical compatibility with YSZ below 1300 °C. 
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Fig. 7. Time dependence of electrical conductivity of Yo.09Sro.91 TiO3 at 1000 °C 
in forming gas before and after thermal cycling in air. 
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Fig. 8. XRD patterns for Yo,.o9Sro.91TiO3/YSZ powder mixtures sintered at 
1100, 1200 and 1300°C for 10h respectively in forming gas. No new impurity 
peaks were detected. 


4. Conclusions 


The electrical conductivity of SrTiO3 is remarkably enhanced 
by Y-doping. It increases with increasing Y amount when the 
doping amount is no more than 9mol%. Excessive dopant 
may cause the electrical conductivity to decrease because 
of the formation of an insulating impurity (Y2Ti2O7). With 
increased temperature, the electrical conductivity of Y-doped 
SrTiO3 increases first and then decreases gradually, showing 
a mixed conduction behavior of semi-conductors and metals. 
The thermal cycling in air does not remarkably affect the elec- 
trical conductivity of Yo,o9Sro.91;TiO3 at high temperatures. 
Yo.09Sro.91 TiO3 displays a relatively good structural stability at 
different oxygen partial pressures and excellent chemical com- 
patibility with YSZ at temperatures lower than 1300 °C. 
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